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We report the effect of inhomogeneities on the electrical resistivity and ac magnetic
susceptibility in Aurivillius-like bismuth mixed phase oxides of the BiO-CuO-(Sr05, Ca0 5)O
system and propose a crystal structure of the major phase having highest Tc. Nominal
Aurivillius compositions with molar ratios of BiO/(Sr05,Ca05)O = 1/2 are superconductors
with Tc ranging from 83 to 107 K, and are accompanied by a large expansion during sintering
due to the formation of Kirkendall voids. Tc increases with decreasing of the c lattice
parameter. An oxide BiSrCaCu2Ox (n = 2) shows a maximum Tc value of 107 K and an onset
of superconductivity at a much higher temperature. It seems that the structure of
Bi2Sr2CaCu20x consists of an Aurivillius-like phase having two perovskite layers and a Popper
mixed phase. The ac magnetic susceptibility showed an overall decrease in susceptibility with
time up to 220 days. This appears to be related to the relief of intralattice strain.
I. INTRODUCTION
A new oxide superconductor in the Bi-Sr-Ca-Cu-0
system without rare earth elements and having higher Tc
compared to that of YBa 2 Cu 3 0 7 ^ was discovered by
Maeda and co-workers.1 They also reported that this com-
pound has high and low Tc phases showing transitions
at 105 and 75 K, respectively, and that the coexistence
of strontium and calcium is necessary to obtain high Tc.
Recently, following this announcement, new compounds
such as Bi2Sr3_;cCa;cCu2O8+y,2 Bi4(Sr, Ca)6Cu4016+;[,3
Bi4Sr3Ca3Cu6Ox,4 B^Srj 5CaCu20x,5 Bi2(Sr,Ca)3Cu20J)6
and Bi2Sr2CaCu20^7 have been reported by various re-
search groups. Their data concerning crystal systems and
lattice parameters differ individually and are presented in
Table I. These differences have been considered in relation
to the composition change arising during sintering from
vaporization of the liquid phase.
It has also been reported that the new superconduc-
tors are similar in structure to the bismuth titanate fam-
ily ferroelectrics.2"7 These materials were first reported
by Aurivillius8 and consist of interleaved bismuth oxide
and perovskite layers. The general chemical formula is
Bi2Mn_1RnO3n+3, where M = Na,K,Sr,Ca,Ba,Pb, and rare
earths; R = Fe,Ga,Cr,Ti,Nb,Ta,W; and n = 1-6. There-
fore, all reported compounds except for Bi4Sr3Ca3Cu6Ox4
and Bi2Sr, 5Ca! 5Cu20^5 are Aurivillius phases. However,
Subramanian et al.2 do not clearly describe the Bi2O2 layer
and Tarascon et al.3 seem to have misunderstood the Bi
tetrahedral arrangement. Moreover, Takayama-Muromachi
et al.6 considered several crystal structures, but did not
decide on a specific structure for Bi2(Sr, Ca)3Cu2O^. Fur-
thermore, Hazen et al.1 also did not propose a model for
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Fukuhara et al.9 reported superconductors in the quasi-
ternary system BiO-CuO-(Sr0 5, Ca0 5)O sintered at lower
temperatures (835 ±6 °C) and for shorter periods (1 h)
than those reported earlier.1"7 It is believed that super-
conducting properties in this system also arise from oxygen
deficiencies as well as YBa2Cu3O9^610; a large number of
oxygen deficiencies exist in 8-Bi2O3, which is similar to
BiO.11 In view of these aspects, the BiO was selected as an
important component in the Bi -Sr -Ca-0 system along
with the CuO6 octahedron, which shows a strong static
Jahn-Teller distortion as well as La2Cu04.12
We reported earlier9 that the superconducting compo-
sitions in this system were accompanied by a large expan-
sion during sintering. In this study, the density change
before and after sintering was further investigated by elec-
trical resistance and magnetic changes. Our overall interest
stems from the crystal structure studies of Aurivillius-like
layered bismuth complex oxides having high Tc and the
relationship between superconducting behavior and the
effect of inhomogeneities. These aspects are presented in
this paper.
II. EXPERIMENTAL
The starting materials were Bi2O3, SrCO3, CaCO3,
and CuO. The powders in proper ratios were mixed, using
a vibrating mill constructed of a plastic vessel and balls to
prevent the contamination of metal compounds. The mix-
tures were cold pressed at pressures of about 127 MPa and
calcined at 760-800 °C for 1 h in air. The calcined sam-
ples were then ground by agate mortar and recalcined for
1 h at 760-800 °C in air. These powders, which were well
crystallized and blackish, were cold pressed into a disk
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shape of 12.8 mm in diameter at 245 MPa and then sin-
tered at 760-860 °C for 1 h in oxygen. All samples were
quenched from the sintering temperature to room tempera-
ture in air, taking into account the results reported by
Maeda et al.' In order to prevent any possible loss of vari-
ous oxides, which exist in the liquid phase, an intermedi-
ate temperature of 835 ±6 °C was selected as a suitable
temperature for the processing. The weight loss of all sam-
ples before and after sintering was less than 0.5 wt.%.
X-ray diffraction measurements were carried out with
a SCINTAG PAD V diffractometer using Cu Ka radiation.
Lattice parameters were calculated from slow step scans
(0.25° 20/min) at room temperature using 12 diffraction
peaks. Fracture surfaces of sintered samples were exam-
ined by scanning electron microscopy. The electrical resis-
tance of as-sintered samples was measured from room
temperature down to the boiling point of liquid nitrogen,
using the standard four-probe method with a dc current of
10 mA at a cooling rate of 5 K/min. The distance between
voltage probes was about 2 mm and the contact resistance
between the probe and the as-sintered surface was reduced
by the application of silver paint at the contact (typical
value <0.1 mfi • cm). Each resistance value was calcu-
lated as an average of the values of resistance measured
with the +ve and — ve voltage polarities. The ac magnetic
susceptibilities at 15.9 Hz were measured from the boiling
point of liquid nitrogen to 200 K using an apparatus de-
scribed by Cao, Mulay, and co-workers.13 A crushed pellet
was used for these measurements.
III. RESULTS
A. Electrical resistance of Aurivillius oxides in
the BiO-CuO-(Sr05, Ca05)O system
Fixing mole ratio of SrO/CaO to 1, seventeen compo-
sitions corresponding to Aurivillius bismuth mixed oxides,
Bi2Mn_,RnO3n+3 (n = 1,2,3, and 4) phases were prepared
along with two non-Aurivillius compositions in the quasi-
ternary BiO-CuO-(Sr05, Ca05)O. Contour lines of the
density change ratio, (Dg - Ds)/Dg X 100 (%), where Dg
and Ds are densities of the green and the sintered value, re-
spectively, and electrical resistivity at room temperature











FIG. 1. Contour lines of the density change ratio (a) and contour lines of
the electrical resistivity at room temperature (unit, m ohm • cm) and the
compositional classification of electrical characteristics from room tem-
perature down to the boiling point of liquid nitrogen (b) in oxides with
the cross section of BiO-CuO-(Sr05>Cao.5)0.
As shown in Fig. l(a), nominal Aurivillius compo-
sitions with mole ratio of BiO/(Sr0 5, Ca0 5)O = 2/1
shrink because of the presence of a liquid phase, as pre-
sented in Photo l(a), but compositions with the ratio line
of 1/2 expand through the formation of Kirkendall voids (or
Kirkendall porosity, powder metallurgy usage1415), caused by
the preferential diffusion of one phase into the other during
initial sintering of mixed powder compacts [Photo l(b)].
Resistivity contours in Fig. l(b) show that all oxides on
the ratio line of 1/2 have relatively low resistivity at room
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PHOTO 1. Fractured surfaces of sintered samples: (a) Bi4SrCaCuO^ (n = 3) with the ratio line of 2 / 1 , (b) BiSrCaCu2O., (« = 2) with the
ratio line of 1/2.
temperature. Furthermore, electrical characteristics from
room temperature down to the boiling point of liquid nitro-
gen can be classified into three categories [Fig. l(b)].
Only Aurivillius-like compositions with the ratio of 1/2
are superconductors with Tc over 83 K, as described in a
previous paper.9 The two non-Aurivillius oxides of compo-
sitions BiSrCaCuOx and BiSrCaCu3Oj, however, do not
show superconductivity down to 77 K.
The temperature dependence of the resistance in all
Aurivillius compositions with the ratio of 1/1 is shown in
Fig. 2. Three Aurivillius oxides except for B
show semiconducting behavior down to about 150 K, but
show metallic behavior from this temperature to 77 K.
Since all oxides with a ratio line of 1/1 have a fairly low
resistance at 77 K, they may show zero resistivity near
75 K as reported by Maeda et al.l These patterns serve
conveniently to classify them as metallic conductors in
Fig. Kb).
On the other hand, the Cu oxides, which are poor in













FIG. 2. Temperature dependence of resis-
tance for four oxides with the molar ratio of
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ratio line of 2/1 show high resistivity at room temperature,
and behave as semiconductors with decreasing tempera-
ture. The temperature dependence of the resistance of a
representative example, Bi05, SrCaCu05O^, is presented
in Fig. 3, along with the data of two other oxides with a
ratio line of 1/4. Since the resistance for Bi0 5SrCaCu2 5OX
near composition BiSrCaCu2Ox begins to increase from
about 110 K such as semiconductor, this electrical behav-
ior serves conveniently to classify it as a semiconductor in
Fig. l(b).
As can be seen from Figs. 2 and 3, a common point
of the resistance vs temperature curves for ten oxides
within an ellipse of 10 m ohm-cm in resistivity contour
lines of Fig. 1 is the abrupt and large decrease of the resis-
tance from much higher temperature than Tc. Compar-
ing Fig. l(a) and Photo 1, and Fig. l(b), it appears that
sample expansion during sintering may be related to this
drop behavior of the resistance.
Since it was found that only Aurivillius oxides with
the ratio of 1/2 are superconductors with Tc over 83 K, the
crystal structure and magnetic characteristics of these five
oxides were analyzed, as described in the next section.
B. Crystal structure studies and magnetic
properties of superconductive Aurivillius oxides
with ratio line of 1/2
Dependence of the Tc on compositions (Fig. 4) shows
a maximum of 107 K for the composition BiSrCaCu2Ox
reported by Maeda et al.' X-ray powder diffraction pat-
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FIG. 4. Composition dependence of the Tc for five oxides with the molar
ratio of BiO/(Sr05,Ca05) = 1/2.
terns of five oxides used for resistivity measurements in
Fig. 4 are presented in Fig. 5. The x-ray pattern of an
oxide BiSrCaCu2O^ resembles that of Aurivillius oxides
such as Bi2PbNb209 and Bi3NbTi098 having two perovskite
layers, but also contains a small amount of a secondary
oxide phase. The Cu-rich oxides such as BiSrCaCu^ and
























FIG. 3. Temperature dependence of resis-
tance for three oxides with the molar ratio
of BiO/(Sr0.5,Ca05)O = 1/4.
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FIG. 5. X-ray powder diffraction patterns
for five oxides with the molar ratio of BiO/
(Sr05>Ca05)O= 1/2.
20 30 40 50 60 70
2 0 CM
and CuO. On the other hand, in Cu-poor oxides such as
Bi2Sr2Ca2Cu3Oj and Bi2Sr2Ca2Cu0x, other unknown peaks
appear. Since the superconducting phase BiSrCaCujO^ is
based on mixed layering of Aurivillius and Popper phases,
lattice parameters of this phase in five samples were calcu-
lated within 26 tolerance of 0.05 on the basis of an or-
thorhombic unit cell. These results are given in Table II,
where the a- and ^-parameters decrease and increase, re-
spectively, with the amount of CuO. The correlation of the
c-parameter and rhombicity, the difference between a- and
fo-parameters, vs Tc are presented in Fig. 6. The Tc in-
creases as the rhombicity decreases in the Cu-rich oxides
and Tc increases in Cu-poor samples. In addition, Tc in-
creases with decreasing of the c-parameter except for one
phase, Bi2Sr2Ca2CuOx. The discordant result of this phase
in c-parameter may be related to its lower rhombicity. A
similar relationship between Tc and the c-parameter was al-
ready observed in YBa2Cu307_8.16
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TABLE II. Room temperature lattice parameters for superconducting
phase in five oxides on the mole ratio of 1/2.

















































FIG. 6. The correlation of rhombicity (a) and c lattice parameter (b) vs
theTc.
The ac magnetic susceptibilities for five samples with
the ratio 1/2 are shown in Fig. 7, together with the data
for GdBa2Cu306+6. The susceptibility of all bismuth ox-
ides starts decreasing at an onset temperature well above
the Tc. However, the BiSrCaCu4O^ compound shows a de-
crease well below Tc. In a previous paper,9 it was shown
that the dc resistance also decreases sharply from the onset
temperature. Hence, this decrease along with the decrease
in ac susceptibility can be attributed to superconductivity.
The BiSrCaCu2Oj shows two superconducting transitions
around 80 and 150 K, and those transitions together are
much broader than the Gd oxide. Since all samples used
here expand after sintering, it is suggested that inhomo-
geneities in these samples are partially responsible for
the broadening.17 On the other hand, although the onset
temperature (93 K) of Gd oxide is lower than that of Bi
oxides, the net drop in the ac susceptibility (AX) of the
Gd compound at 77 K is much larger than that of the
Bi oxides. It should be noted that Tarascon et al.18 showed
that a large AX for La2_xSrxCu04_>, corresponded to a
small number of oxygen deficiencies. Hence, by analogy
we infer that the Bi oxides, which show a small AX, con-
tain a larger number of deficiencies than the Gd oxides.
The relative ac susceptibilities of a crushed pellet ex-
posed to air observed after 3, 60, and 220 days are shown
in Fig. 8. An overall decrease in diamagnetic susceptibility
for BiSrCaCu2O^ with time is clearly seen. However, no such
decrease in the c-parameter with time could be observed.
IV. DISCUSSION
The contour lines of electrical resistivity and the compo-
sitional classification of electrical behavior in Fig. l(b), to-
gether with the dc resistance curves in the previous paper12
and the ac magnetic susceptibility curves in Fig. 8, clearly
show that the molar ratio of BiO/(Sr05,Ca05)O = 1/2
(i.e., Bi:Sr:Ca = 1:1:1) in the BiO-CuO-(Sr05,Ca05)O
system is useful in fabricating better superconducting ox-
ides. The structural consideration between the Aurivillius
compounds and the new superconductor are commented
upon in the following paragraphs.
In the Aurivillius structure, Bi2Mn_1RnO3n+3,8 the
crystal structure consists of Bi2O2 layers interleaved with
perovskite-like Mn_,RnO3n+1 layers. Since the bismuth ions
in the bismuth oxide layer are stoichiometrically bonded
with oxygen, the Aurivillius family of mixed bismuth ox-
ides are not conductors but insulators,19 by the electrical resis-
tivity data in Fig. l(b). However, with strontium, calcium,
and copper between the bismuth layers in the molar ratio
of BiO/(Sr05,Ca05) = 1/2, superconductivity takes place.
As shown in Table II, the unit cell dimensions (c =
30 A) of the superconducting phase in the five oxide com-
positions have values midway between those of Bi3TiNb03
in = 2, c « 25 A19) and Bi4Ti3O12 (n = 3, c « 33 A19). It
is assumed that these phases are not pure Aurivillius phases
but mixed layer compounds. Popper type (Sr, Ca)O layers
and CuO2 layers are alternately stacked between Bi2O2
layers. The layer sequence is • • • • Bi-Bi-Sr-Cu-Ca-Cu-
Sr-Bi with strontium in 9-coordination with oxygen,
as shown in Fig. 9.
278 J. Mater. Res., Vol. 4, No. 2, Mar/Apr 1989
















FIG. 7. Temperature dependence of ac mag-
netic susceptibility for five oxides with the
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FIG. 9. A crystal model (half unit cell) proposed as BijS^CaG^Oj, con-
sisting of Aurivillius having two perovskite layers plus Popper mixed phase.
The structural difference between the Aurivillius (A)
bismuth mixed oxide such as Bi2Ba01Sr09Ta2O920 and the
Aurivillius-Popper (AP) mixed oxide (Fig. 9) is the addi-
tional Sr oxide layers and the oxygen deficient nature of
the perovskite-like layers in the AP structure. Therefore,
the Bi3+ ions in Bi2O2 layers are affected by the adjacent
Sr oxide layer, causing a strain similar to that between the
cubic and the perovskite layers in (La,^,Srx)2 CuO4 ox-
ides. The oxygen sites above and below the Bi2O2 layer
may be vacant, as assumed by Takayama-Muromachi
et al.6 Furthermore, since Bando et al.5 reported the ex-
istence of an oxygen deficient perovskite-like layer in
this compound, strain may accumulate in the surrounding
space similar to that of the R site in RBa2Cu306+8. Oxide
superconductors appear to require a lattice skeleton modi-
fied by the strong bonds associated with the affinity of I-III
group elements for oxygen, and the strain stored up inter-
nally due to large rhombicity. Therefore, as shown in
Fig. 6, the intralattice strain increases as the c-parameter
decreases; this possibly contributes to higher Tc.
As can be seen from the contour lines of the density
change ratios in Fig. l(a), large pores in Photo l(b), the
dc resistance curves in a previous paper,12 and ac suscepti-
bility curves in Fig. 7, it is clear that all superconductor
oxides in this study exhibited a large expansion due to for-
mation of Kirkendall voids during sintering. The large ex-
pansion was correlated with a higher onset temperature.
This suggests that a large fraction of voids created dur-
ing sintering may lead to strain on the surface of the oxide
grains, especially intralattice strain between the stable
perovskite layer and the Bi2O2 layer. The strain may be
caused by oxygen or constituent element deficiencies dur-
ing formation of Kirkendall voids. Also, it may depend on
formation of an amorphous phase with strain between
grain boundaries because of the relatively low temperature
and short sintering time compared with others.1"7 It is well
known that the lack of long-range atomic order in amor-
phous materials can significantly alter the electronic struc-
ture of crystals.21
Similar behavior well above Tc. is observed in several
cases, i.e., near 90 K in Lu! 8Ba0 2CuO4,22 at 167 K in gran-
ular Y-Ba-Cu-0 oxide,23 about 170 K in GdBa2Cu30,
expanded by Kirkendall voids,24 near 200 K in YBa2Cu30x
irradiated by neutrons,25 about 220 K in Yo 4Ba0 9Cu0 7OX ,26
near 239 K in Y-Ba-Cu-O-F compound,27 at 240 K in
multiphased Y - B a - C u - O compound,28 at 260 K in
YBa2Cu3F2O, ,29 at 265 K in fluorine implanted Y-Ba-
C u - 0 compound,30 at 300 K in YBa2Cu30x,31 and at
500 K in Y6Ba6CuOx.32 A common point in these reports
seems to be the presence of vacancy and/or atomic dis-
order, although experimental conditions are not necessar-
ily clear and structural characteristics of sintered samples
are lacking.
The results shown in Fig. 8 are indeed very interest-
ing in that they show an overall decrease in diamagnetism
with time. This decrease may be related to the intralattice
strain in the crushed material due to the movement of va-
cancies and subsequent arrangement of atoms similar to
the annealing effect in amorphous metals.33 Although a
distinct change in crystal structure with time has been re-
ported by Dezsi, Mulay, and co-workers34 in rare instances
such as FeFe3 • 3H2O, such a change seems unlikely in
Bi2Sr2CaCu2Ox.
As shown in Fig. 4, the Tc in five oxides with molar
ratio of 1/2 shows copper composition dependence. It is
believed that the copper composition variation in the super-
conducting phase is small. CuO and unknown peaks ap-
pear at Cu-rich and Cu-poor oxides, respectively, as shown
in x-ray diffraction patterns of Fig. 5.
280 J. Mater. Res., Vol. 4, No. 2, Mar/Apr 1989
M. Fukuhara ef al.: Mixed superconductors
The lattice parameters of Bi2Sr2CaCu20^ can be di-
vided into two types: orthorhombic and tetragonal, as pre-
sented in Table II. For orthorhombic samples, the cell
dimensions of the sample with the highest Tc (107 K) are
somewhat shorter than those obtained by other workers.
The rhombicity obtained in this study resembles that
of YBa2Cu3O9_rf (0.06-0.0735). This higher rhombicity
may result from the large expansion due to formation of
Kirkendall voids and the calcium shift in the perovskite
layer due to oxygen deficiency. These effects are unclear
at present because the precise crystal structure, composi-
tion, and oxygen analyses were not carried out in this study.
Although oxides having a molar ratio of BiO/(Sr05,
Ca05)O = 1 / 2 show superconductivity, the composition
Bi2Sr2CaCu20x does not lie on the cross section of BiO-
CuO-(Sr05, Ca05)O system. Therefore, there is a possibil-
ity that strontium cations just above and below the Cu-0
double layers are partially missing (i.e., BiSrCaCu2Ox) or
perhaps form another Aurivillius-like oxide having molar
ratio of Bi: Sr: Ca = 1:1:1. Tarascon et al.18 reported a pos-
sibility of comparable inhomogeneities of the strontium
content in La2_^SrxCu04_>.
V. CONCLUSIONS
Bismuth mixed oxides in the cross section of the BiO-
CuO-(Sr05, Ca05)O system were synthesized and their
electrical and magnetic characteristics investigated. The re-
sults obtained were as follows:
(1) Aurivillius-like oxides having molar ratio of BiO/
(Sr05,Ca05)O = 1/2 are good conductors at room tem-
perature and also superconductors at low temperature with
a Tc between 83 and 107 K. Tc increases with a decrease
in the c lattice parameter. On the other hand, Aurivillius
oxides with ratios different from 1/2 and non-Aurivillius
oxides do not show the superconducting behavior.
(2) An oxide, B i S r C a C u ^ , having a BiO/(Sr05,
Ca05)O ratio of 1/2 has a maximum Tc value, 107 K, and
a higher onset temperature. It seems that the structure of
Bi2Sr2CaCu20x consists of an Aurivillius-like phase having
two perovskite layers interleaved with a Popper-like phase,
giving a body-centered orthorhombic unit cell with a =
5.348 k,b = 5.456 A, and c = 30.515 A.
(3) Higher onset temperatures observed may be re-
lated to a large expansion of the samples due to formation
of Kirkendall voids. It is suggested that intralattice strain
contributing to superconductivity may accumulate between
the Aurivillius and Popper layers due to an inhomogeneity
effect such as oxygen and constituent element deficien-
cies and atomic disorder, resulting from the formation of
Kirkendall voids. The overall decrease in ac magnetic sus-
ceptibility of the BiSrCaCu2Oj oxide with time has been
attributed to the relaxation of such strain. These interesting
observations call for a further careful investigation of the
static magnetic susceptibility of this material as a function
of time.
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